Effects of dietary cimaterol (5 mg/kg) on adipose tissue metabolism of wether lambs were studied. Lipogenesis, lipolysis, fatty acid composition and adipocyte size and number were measured. Cimaterol feeding increased lipogenesis; however, this effect was not statistically significant. Insulin (1,000/zU/ml) stimulated lipogenesis of adipose tissue from control sheep. However, this elevated rate was abolished by in vitro cimaterol. Insulin had no stimulatory effect on lipogenesis in cimaterolfed sheep. Lipolysis was depressed by cimaterol feeding. However, 10 -4 M cimaterol stimulated lipolysis in the adipose tissue from both control and cimaterol-fed sheep. Insulin inhibited stimulated lipolysis in adipose tissue from control sheep but had no effect on the stimulated lipolysis in cimaterol-fed sheep. Mean adipocyte diameter was smaller (from 74 to 70 jam) and adipocyte size distribution also was changed in the cimaterol-fed sheep. Adipocyte number per gram of tissue was not affected by cimaterol. There was a significant increase in percentage of unsaturated fatty acids in adipose tissue from cimaterol-fed sheep. These results indicate that lipogenic and lipolytic responses to insulin and cimaterol in sheep adipose tissue were altered by cimaterol feeding. The carcass fat content decrease in cimaterol-fed sheep may be attributed to the reduction in adipocyte size.
Introduction
Feeding of 3-adrenergic agonists such as cimaterol or clenbuterol to livestock decreases carcass fat content Jones et al., 1985; Hamby et al., 1986) . However, the exact metabolic mechanisms by which these compounds exert these effects are not fully understood. Beta-adrenergic agonists inhibit lipogenesis in vitro in sheep adipose tissue (Thornton et al., 1985) ; however, Miller et al. (1988) found that epinephrine or clenbuterol does not inhibit in vitro lipogenesis in adipose tissue from either control or clenbuterol-fed cattle. Because cimaterol decreased plasma insulin concentration in sheep (Beermann et al., 1986) , it was of interest to examine the 1Tech. paper no. 8312, Oregon State Exp. Sta.; the authors thank Dr. L. J. Koong for statistical consultation, N. B. Wehr for technical assistance and D. L. Martin for secretarial assistance.
Dept. of Anim. Sci. a Reprint requests. 4American Cyanamid Co., Agric. Res. Div. Received September 1, 1987 . Accepted January 18, 1988 effect of both insulin and 3-adrenergic agonists and their interaction on the lipogenic response in animals fed 3-adrenergic agonists. Thornton et al. (1985) has shown that increasing concentration of clenbuterol stimulates lipolysis in vitro by sheep adipocytes. Because insulin is known for its strong antilipolytic effect on bovine adipose tissue (Yang and Baldwin, 1973) , it also was of interest to examine the interaction of insulin and cimaterol on the lipolysis in control and cimaterol-fed animals.
The objectives of this study were to examine the effect of feeding cimaterol on the lipogenesis and lipolysis of sheep adipose tissue and adipose tissue cellularity and to examine the effects of cimaterol and insulin added to the incubation medium on in vitro lipogenesis and lipolysis.
Materials and Methods
Eight crossbred wether Iambs (37.0 + 4.1 kg) were fed a diet (Table 1) Acetate metabolism was measured in 3 ml of Krebs-Ringer bicarbonate buffer containing 5 mM acetate, 5 mM glucose, .2 /aCi 1-14C -acetate s , with or without 1,000/aU/ml bovine insulin 6 . The buffer was gassed for 10 min with 5% CO2 in 02. Triplicate flasks containing 100 mg adipose tissue were incubated with reciprocal shaking (90 strokes per min) at 37~ in a gas atmosphere of 5% CO~ in O~. Incubation was stopped after 2 h by injection of .25 ml of 1 N H2SOa. Carbon dioxide was trapped on filter papers in suspended center wells containing .2 ml hyamine hydroxide 7 during an additional 1-h incubation. Total lipids were extracted from the medium plus tissue slices with chloroform-methanol. The washed extracts and center wells were placed in a counting vial, 10 ml of counting fluid s were added, and the samples were counted in a liquid scintillation spectrometer to determine conversion of acetate to total lipids and CO2, respectively. Details of these procedures have been described previously (Mersmann et al., 1973) .
Lipolysis was measured in Krebs-Ringerbicarbonate buffer containing 5.56 mM glucose, .56 mM ascorbate and 4% bovine serum albumin 9. Lipolysis was measured under two conditions, in the presence of 10 -3 M theophylline, a phosphodiesterase inhibitor, and in the presence of 10 r4 M cimaterol plus 10 -3 M theophylline. Incubations were with or without 1,000 U bovine insulin/ml as indicated. Incubations were for 120 rain at 37~ with reciprocal shaking at 90 strokes/min. Reactions were stopped by chilling the flasks on ice. The medium was filtered through cheesecloth, frozen at -20~ and later analyzed for free fatty acid concentration by extraction and titration. Details of these procedures were described previously (Mersmann and Hu, 1987) .
Adipocyte number and size were determined according to a procedure similar to that reported by Etherton et al. (1977) .
Adipose tissue pieces of 100 mg were rinsed three times in .9% NaC1 at 37~ and transferred to a glass vial containing 3 ml of 50 mM collidine-HC1 buffer (pH 7.1) and 5 ml of 3% osmium tetroxide 1~ in collidine buffer. After 96 h, the osmium solution was removed by aspiration and replaced by two 12-ml washes of .9% NaC1, each for 24 h. Finally, the saline was replaced by 10 ml of 8 M urea and left at room temperature for 48 h. Following dispersion with urea, adipocytes were washed through a 250-/am nylon screen 11, trapped on a 10-m nylon screen and suspended using .01% Triton X-100 in .9% NaCI, pH 10. After appropriate dilution, adipocytes were counted and sized using a Coulter Counter 12 with a 400-#m aperture tube. Diameter distributions then were calculated by pooling cell numbers in each 10-#m diameter range and plotted as the average percentage of adipocytes present in a 10-gtm diameter range.
Fatty acid composition was determined from duplicate 100-mg samples. Adipose tissues were extracted with 20 ml chloroform and ethanol (2:1, v/v) on a shaker for 2 h and extracted overnight. Extracted triglycerides were redissolved in 5 ml chloroform. Methyl esters were prepared by transmethylation using KOH. Fatty acid composition of each sample was determined in duplicate by flame ionization detection on a gas-liquid chromatograph13 using a nickel, wall-coated, open tubular column (61 m, .76 mm i.d.) with ethylene glycol succinate as the liquid phase. Carrier gas was He at a flow rate of 20 ml/min, and the injection volume was 3 gtl. Temperature was maintained at 160~ for the column and at 215~ at the injection port and detector. Peak identity for each fat~ acid was determined from known standards 1 . The quantity of each fatty acid was determined by integration of the chromatogram with a computing integrator ts.
Lipogenesis and lipolysis data were analyzed by a balanced completely random split-plot model using the General Linear Model procedure of SAS (1985) . The two diets were randomly assigned to eight animals (whole plots) and the 10 combinations of the insulin and cimaterol to tissue samples within each animal (subplots).
For significance tests the among-animal error term (Sa) is used for the diet effect and the within-animal error term (Sw) for the insulin, cimaterol and interaction effects. Data on cell size, cell number and fatty acid composition were analyzed by t-tests to determine the dietary effect of cimaterol.
Results
Lipogenesis. Compared to control sheep, those fed cimaterol had increased in vitro lipogenesis in the presence and absence of insulin ( Figure 1 , Table 2 ). In control sheep, medium cimaterol had no effect on the lipogenesis in the absence of insulin. Insulin stimulated lipogenesis in the absence of cimaterol or at low concentrations of cimaterol; however, this insulin-stimulated lipogenesis was completely abolished when high (>10 -s M) concentrations of cimaterol were present. In cimaterol-fed sheep, only the highest cimaterol Table 2 . Vertical bar indicates pooled standard deviation of within-animal error (Sw).
concentration (10 -4 M) depressed lipogenesis in the absence of insulin. Insulin did not stimulate lipogenesis in tissue from these animals but tended to decrease lipogenesis at all medium cimaterol concentrations. Therefore, cimaterol feeding altered the responsiveness of ovine adipose tissue to insulin.
Feeding cimaterol to lambs had no effect on the adipose tissue acetate oxidation (Figure 2 , Table 2 ). However, the effects of medium cimaterol concentration and of insulin on acetate oxidation were similar to the trends noted for lipogenesis.
Lipolysis. The effects of cimaterol on in vitro lipolysis in the presence of the theophylline are shown in Table 3 . Basal lipolysis was greater in the control sheep than in cimaterol-fed sheep. Medium cimaterol stimulated (P < .001) lipolysis in both control and cimaterol-fed sheep. Including insulin in the incubation medium had no effect on in vitro lipolysis (P > .05) in tissue from either control or cimaterolfed sheep (Table 3 ). In the absence ofcimaterol, insulin inhibited lipolysis in the control sheep but stimulated lipolysis in the cimaterol-fed sheep. This interaction was not observed when cimaterol was incorporated in the medium.
Adipose Tissue Cellularity. Cimaterol-fed sheep had the same number of adipocYtes per gram of adipose tissue as the control sheep (Table 4) . However, the mean diameter of the adipocytes from the cimaterol-fed sheep was smaller (P < .05) than that of adipocytes from control sheep ( Table 4 ). The distribution of adipocyte size is shown in Figure 3 . The percentage of adipocytes with diameters of 90 to 99/am was lower (P < .05) in the cimaterol-fed sheep, whereas number of adipocytes with smaller diameters tended to be increased. Among the smaller adipocytes only those with diameters of 60 to 69/am increased (P < .01) in the cimaterolfed sheep. Figure 1 and Figure 2 . bNS = not significant.
CThis was used as error term (S a) in determining dietary effect.
dThis was used as error term (S w) in determining insulin, cimaterol and interaction effects.
Fatty Acid Composition. Effect of cimaterol
on fatty acid composition of s.c. fat is presented in Table 5 . Oleic acid (18:1) was the major fatty acid in both control and cimaterol-fed sheep; cimaterol feeding increased the proportion of this fatty acid. Palmitic acid (16:0) and stearic acid (18:0) were reduced (P < .01) in the cimaterol-fed sheep. Total unsaturated fatty acids increased from 51% in the control sheep to 62% in the cimaterol-fed sheep at the expense of saturated fatty acids. Total fatty acids accounted for (all peaks on chromatogram greater than 1%) were 99.4% and 96.4% in the adipose tissue from control and cimaterol-fed sheep, respectively. There were a number of minor, unidentified peaks in the fat extract from cimaterol-fed sheep.
Discussion
Insulin stimulates glucose transport (Olefsky, 1978) and lipogenesis (Haystead and Hardie, 1986) in rat adipocytes. Catecholamines decrease insulin binding and inhibit insulin stimulation of glucose transport in isolated rat adipocytes (Kirsch et al., 1983) . If these effects also occur in sheep adipose tissue, the observed insulin response in our control sheep could be explained by the same mechanisms (i.e., high cimaterol concentrations in the incubation aData are mean for four sheep per diet and are expressed as peq fatty acid 9 106 cells -z .h -1 . A completely random split-plot model to test diet, animal within diet, insulin and cimaterol effects were used. Significant effects were cimaterol (P < .001) and diet X cimaterol (P < .093). The pooled standard deviation of within animal error is 4.8.
bwith or without 10 -4 M cimaterol in the incubation medium. All flasks contain 10 -3 M theophylline. b'CMeans without same superscripts in the same row differ (P < .05). medium decrease insulin binding to the cell membrane and consequently decrease the amount of glucose and other substrates entering the adipocytes for lipid biosynthesis). In the absence of insulin, increasing concentrations of medium cimaterol had no effect on adipose tissue lipogenesis from the control sheep (Figure 1) . Insulin stimulated acetate incorporation into lipids in the absence or the presence of low concentrations of medium cimaterol in control sheep. This may represent an insulin effect on glucose entry into cells to provide a-glycerol phosphate for esterification of long-chain fatty acids. This removal of fatty acids would reverse the inhibition of acetylCoA carboxylase by long-chain fatty acids and would lead to an elevated rate of lipogenesis from acetate. Higher medium concentrations of cimaterol may have blocked the effect of insulin on glucose transport thereby preventing the insulin-dependent increase in lipogenesis. bNS = not significant; *P < .05, **P < .01, ***P < .001. Thornton et al. (1985) reported that the inhibition of lipogenesis by clenbuterol in sheep adipocytes was dependent on the presence of insulin. The lipogenesis inhibited by the cimaterol in our control sheep also was dependent on the presence of insulin in the incubation medium; however, it was less marked than the effect of clenbuterol (Thornton et al., 1985) . Miller et al. (1988) examined the effects of epinephrine on lipogenesis in s.c. adipose tissue in the absence of insulin. In their study epinephrine did not affect lipogenesis in control or clenbuterol-fed cattle. Clenbuterol (50/aM) also did not affect lipogenesis in bovine adipose tissue incubated in the absence of insulin (S.B. Smith, personal communication). It is clear from our data (Figure 1 ) that the increase in lipogenesis that was inhibited by cimaterol in the presence of insulin could be attributed to the added insulin. Cimaterol did not lower the lipogenesis rate in the absence of insulin. If cimaterol-fed sheep had lower lipolysis, as suggested by in vitro lipolytic rates (Table 3) and the data of Miller et al. (1988) , less longchain fatty acids would be available to inhibit aeetyl-CoA carboxylase. Therefore, cimaterolfed sheep should demonstrate enhanced lipogenesis compared with control sheep, as we observed in our study (Figure 1) .
Effects of insulin and medium cimaterol on acetate oxidation were similar to the effect of these compounds on lipogenesis (Figure 2 ). Dietary cimaterol did not affect acetate oxidation. Insulin inhibited acetate oxidation only in the cimaterol-fed sheep, indicating that cimaterol feeding changed adipose tissue sensitivity to this hormone. However, it is not clear what mechanism(s) were responsible for this change.
CimateroI has been shown to stimulate lipolysis in vitro in sheep adipose tissue (Peterla et al., 1987) ; however, a dietary cimaterol treatment was not included in their study. Our data (Table 3) indicated that in vitro lipolysis was stimulated by both theophylline alone and theophylline plus cimaterol. However, adipose tissue from cimaterol-fed sheep was more sensitive to cimaterol than tissue of control sheep. Theophylline-stimulated lipolysis was lowered by the presence of insulin in control sheep, but was increased by insulin in cimaterolfed sheep. Adipose tissue from cimaterol-fed sheep had a lower lipolysis when cimaterol was omitted from incubation medium. This agrees with results of Miller et al. (1988) . Insulin stimulated lipolysis in cimaterol-fed sheep but not in control sheep (Table 3) .
There has been no report on the effect of cimaterol feeding on adipocyte size and number. However, feeding of clenbuterol did not alter either adipocyte size or number in sheep . In another study, clenbuterol decreased both adipocyte mean diameter and number in cattle (Miller et al., 1988) . Our data (Table 4) indicated that there was no change in the number of cells per gram of tissue in cimaterol-fed sheep; however, the mean diameter of adipocytes was reduced (P < .05) in the cimaterol-fed sheep. There also was a significant shift in cell size distribution (Figure 3) . Cimaterol feeding decreased the number of cells with diameters of 90 to 99/am and increased the number of cells with diameters of 60 to 69/am. This suggests that the decreased fat content in the cimaterol-fed sheep can be attributed to a decrease in cell size. Because total s.c. fat mass was not measured in this study, it is not clear whether total adipocyte number was reduced or not.
Fatty acid composition of body fat also was changed by cimaterol feeding. Unsaturated fatty acids increased at the expense of saturated fatty acids. More minor unidentified peaks of fatty acids appeared on the chromatogram in adipose tissue samples extracted from cimaterolfed sheep than from control sheep, as reflected by the reduced recovery of fatty acids (99.5% in control sheep vs 96.4% in the cimaterol-fed sheep). Vernon (1980) suggested that fatty acids synthesized de novo were desaturated in preference to fatty acids of exogenous origin. This agrees with the observation of higher lipogenesis in the cimaterol-fed sheep. It also is possible that cimaterol has a direct effect on desaturase activity in adipose tissue. Therefore, feeding cimaterol to sheep not only decreased adipocyte size but also shifted fatty acid composition to a more unsaturated state. These data suggest that cimaterol feeding altered both lipogenesis and lipolysis in sheep adipose tissue. Further studies are warranted to examine the possible mechanisms involved in these changes in adipose tissue metabolism.
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